
copy 223
RM E57K25a

RESEARCH MEMORANDUM-

A METHOD FOR

-.

DETERMINING TURBINE DESIGN CHARAC TERJ.STICS

FOR ROCKET TURBODRIVE APPLICATIONS

By Warner L. Stewart, David G. Evans, and Warren J. Whitney

Lewis Flight Propulsion Laboratory
G leveland, Ohio

#$z?4x/fi*A )l:lassl~ica~;nqcam,tiltd(OIchsn~dto.......................................

By., ......... /ie&ke.............................. ..................................
!,, ...: :MD

-......................................... . ......................................................
GRADE Of OFFICER MAKHtG CHANGE)

adz+ +’. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
DATE

NATIONAL ADVISORY COMMITTEE
FOR AERONAUTICS

WASHINGTON
May 2, 1958

t

-—



I?ACARM E57K25a

NATIONAL ADVISORY COMMITTEE FOR

A METHOD

This report

RESEARCH MEMORANDUM

AERONAUTICS

FOR DEITRMINING TURBINE DESIGN CHARACTERISTICS

FOR ROCKET TURBODRIVE APPUCA!TIONS

By Warner L. Stewart, David G. Evans,
and Warren J. Whitney

SUMMARY

presents a method for making a rapid determination of
design ckac~eristics of turbines for r;cket &rbodrive applica-

& tions. Factors considered include relations between turbine flow and
weight and rocket weight, as well as such turbine parameters as stage
number, size, and pressure ratio. Independent variables used in the
report include the amount of pump flow bled off for driting the turbine
and the number of turbine stages. The design considerations presented
herein sre applied to an example rocket application using hydrogen and
o~gen as the propellant to
through use of this method.

illustrate the type of results obtained

INTRODUCTION

The turbopump component of a rocket has the function of increasing
the pressure level of the fuel and oxidizer from that of the tanks to the
high pressure needed in the thrust chsmber. The turbopump unit consists
of the pumps which develop the pressure, the turbine that supplies the
required power to the pumps, and the necessary gearing that connects the
Pumps and turbine.

The ultimate merit of a turbopump system for a given rocket is in-
dicated by minimum rocket gross weight. A consideration of rocket
gross weight as sffected by the turbopump system includes the effect of
the dry weight of the components as well as the effect of the propellants
consumed by the turbine.

The optimization of the turbine component in this manner for any
given application is complicated because a number of variables and limits
must be considered. Because of this it is important to have a design
method available that includes these effects. The method should permit
a rapid screening of a large nuniberof turbine designs to determine the
configuration that best suits the application.
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This report presents one such method. ‘“Independent variables consid-
ered include the ratio of turbine flow to pump flow and the number of
turbine stages. The report first considers equations to relate the tur-
bine flow and weig”htvariations to over-aid-rocketweight characteristics.
Since the turbine weight is related to its frontal area in additim to its
stage number, a subsequent.partof the report is devoted to the develop-
ment of equations necessary to obtain this quantity. In selecting the
range of’stage number, consideration is given to its dependency on rotor
blade speed and specific work output. The analysis results of reference
1 are used to do t-his. The necessary equations to obtain the turbine
pressure ratio are included. The effect of turbine rotor disk and blade
stress limitations on the selection of certain turbine parameters is also
described.

In order to illustrate the method and type of results that can be
obtained, an exsmple application will be described. This e-le case
is a two-stage rocket using hydrogen and oxygen as the propellant. These
fluids were chosen as representing am advanced application problem. Also,
in the exzunple,the weight of all components other than the turbine is
assumed constant and therefore independent of variations in turbine char-
acteristics. Under this assumption a range,of turbine designs yielding
minimum rocket gross weight Is obtained. .

SYMBOLS

A

d

CP

e

F

G

g

AH’

h

I

J

area, sq ft

aspect ratio

specific heat at constant pressure, Btu/lb/OR

disk taper parameter

thrust, lb

ratio of thrust to gross weight .

acceleration due to gravity, 32.17 ft/sec2

total enthalpy requirement of turbine, Btu/sec

specific enthalpy, Btu/lb

specific impulse, sec

mechanical equivalent of heat, 778.2 ft-lb/Btu
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.

constant of proportionality in turbine weight equation (eq. (14))

number of turbine stages

payload, lb

pressure, lb/sq ft

gas constant, ft/%

radius, ft

structural parameter

structural parameter excluding effect of turbine weight

stress, lb/sq ft

temperature, OR

burning time, sec

turbine blade speed, ft/sec

absolute velocity, ft/sec

weight, lb

weight-flow rate, lb/see

ratio of turbine flow to total pump flow

ratio of specific heats

ratio of specific impulse in exhausting turbine flow to that of the
flow passing through the thrust clwuber

efficiency

turbine efficiency based on static- to total-pressure ratio

work-speed parameter, U~/gJ Ah’

density, lb/cu ft

rocket trajectory angle measured from vertical, deg

rotative speed, radians/see

-
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Subscripts:

an

B

b

cr

d

e

F

f

g

H

h

id

2

m

o

P

P

ST

s

T

t

u

v

annulus

burnout

blade

critical

disk

empty

frontal at turbine exit

fuel

gross

horizontal

hub

Meal

last stage

mean

oxidant

PW or PWS

propellant

stage

static

turbine

tip

tangential component

vertical
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axial component

turbine inlet

turbine exit

5

Superscript:

1 absolute total state

RELATION BETWEEN TURBIME AND ROCKET

As pointed out in the INTRODUCTION, this report is concerned with a
method for screening turbine designs for a specified turbopump applica-
tion with the obJective of obtaining a turbine design that is optimum
frcm a rocket weight standpoint. Thus, it is necessary to first deter-
mine equations that relate the two turbine pa?mueters that affect rocket
weight, turbine flow and weight, to the weight of the rocket. These equa-

tions are now described.

Relation Between Turbine Flow and Ratio of Rocket

Gross Weight to Empty Weight

Figure 1 presents a schematic diagram of a typical turbopump system
where certain percentages of the fuel and oxidant are bled off at the
pump exits. These fluids are then burned in a gas generator, passed
through the drive turbine, and thereafter are exhausted overbciard.

If none of the pump flow was bled off for powering the turbine, the
thrust that would be obtained for a given thrust-chamber specific impulse
I would be

F = Iwp (1)

However, since a certain percentage of the flow must be diverted through
the turbine, this equation must be modified to

or

F
[ 1=Iwp-(l-&)wT

F=
[ 1Iwp 1- (1 - &)y (2)
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where y = ‘T/wP and represents the percentage of the total pump flow

bled off at the pump discharge and & is,the ratio of specific impulse
achieved in exhausting the turbine flow overboard to that achieved in
the tkuwst chamber.

The manner in which y affects the rocket weight can be deter-
mined through consideration of its trajecto~ and acceleration charac-
teristics. Fi@re 2 presents a schematic diagram of a rocket in flight.
Excluding the effects of aerodynamic drag and variation of acceleration
of gravity with altitude, the following equations can be written relat-
ing the force acting on the rocket and the acceleration along the verti-
cal and horizontal directions:

w dVv
Fcos@-W=-—

g dt
(3a)

w dVH
FsiD@=-— (3b)

g at

Then, since

W=wg-wpt (4)

equations (2) and (4) can be substituted into equations (3) to yield

Iwp[l - (1- &)y]COS@ ~ dVv

w
-l =-—

- Wpt g at (5a)
g

Iwp[l - (1- &)y]sin@= ~dVE
—— (5b)

‘g
- Wpt g dt

In order to integrate equations ‘(5a)and (5b) I, e, and @ must be
known as a function of time. For simplification in this report, however,
let I and & be assmned constant and two limiting trajectory paths be
used. For the specifications of vertical flight, @ = OO. Thus, equation
(5a) can be integrated to

AVB

, ()
ln> -

gI[l - (1 - G}y = e

If the trajectory is horizontal, @= 90°
grated to

-

%3
IL1 - (1 -

(6a)

and equation (!%) can be inte-

AVB
=1

10
$

glLl - (1 - .S)y e

__.—-. -==4
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. Acceleration characteristicspermit another equation to be developed
which can be used in conjunction with the trajectory equations. By de-
fining a parameter G as the ratio of thrust to gross weight, then

Iwp[l - (1 - &)y]

GF~—=

‘g ‘g

Thus,

Also,

Wp
—=

‘g

w_

1[1 - (! - S)Y]

Ditidhg throughby Wg @VeS

(7)

(8)

Substituting equation (7) into (8) then yields

1 =k+G

‘g
or solving for Wg/We gives

%=(--+,l-(?.)y-il)’(9)
Equations (6) and (9) can be solved simultaneously for Wg/We and

tB for given rocket requirements and limits over a range of the first
independent variable y. Thus, the effect of varying y on gross-to-
empty weight can be obtained; An example solution of equations (6) and
(9) is presented in figure 3 in dimensionless form for G = 1.4. The
subsequent effect of variations in Wg/We on the over-all rocket weight

for a given payload is now describei in conjunction with turbine weight
. considerations.

~# -- -_.-..
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Relation Between Turbine Weight and Rocket Gross Weight

The variations in rocket gross weitit are studied in terms of the
ratio of gross weight
By definition,

to payl~d Wg/P ‘using a structural parsme%er S.

we-P
s ~—

‘g - ‘e

that is, the ratio of
through by We gives

structure weight to~ropellant weight. Dividing

P%1-—

s
‘g ‘e

‘w
~-l
e

Then solving for Wg/P yields

(lo)

Figure 4 presents equation (10) in graphical form where Wg/P is

Presented as a function of Wg/We for var$dng S where the effects of

varying these parameters on gross weight can be determined.

The derivations presented thus far are for one rocket stage. The
effect of multistaging the rocket can be seen through consideration ofa
two-stage rocket as an example. In this c~se, the gross weight of the
second stage is the payload of the first stage. Since primary interest
is in the ratio of over-all rocket gross weight to second-stagepayload
(Wg/p)over-all,this parameter can be obtained from the equtlon

()~ ().$ ()~over-all first stage second stage

(XL)

In the method of analysis presented herein, the effect of variations
in turbine weight on the rocket weight is considered through variations
in the structural parameter S. The parameter is comprised of the
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contribution of

s =

=

all component

[%.* + Asp

~+A&
.L

This report is concerned

9

weights. That is,

+ ‘gearing ‘Mothers) ‘%

(12)

tith,equations for obtaining ~. In an

actual study, however, all the components must be considered to evolve
an optimum compatible combination since, in general, the tanks, pumps~
gearing, and turbine are interdependent.

The equation for ~ is, by definition,

(13]

An equation for use in obtaining turbine weight uas formulated frcxu
both published (ref. 2) and unpublished data and is expressed in terms
of turbine frontal area representable by that at the turbine exit AF
and stage number n. The equation, as used herein, is

(14)

Rrom single-stage turbine weight studies presented in reference 2,
turbine weight was found to vary approMmately as AF for a value of K
of ammoximately 70. Additional unpublished turbine weight studies veri-
fied
bine

‘;his value-for K in additton-to fixing the stagi& effect on tur-—
weight at approximately nU2.

Substituting equation (14) into (13) then

~1/2 ~
AsT=~~

yields

(15)

Since tu is obtained frcmuthe rocket requirements and n is given as
the seco;d independent variable, the only other qyantity needed to com-
plete the calculation of ~ is the turbine frontal area parameter

AF/wP. The method used for obtaining AF/wP iS presented b the section

D~TIONOF TuRBIZiEFRONTAL AREA P~~. me coquted value of
~ can then be usedto obtain S (eq. (I-2)). This qmtity can finally
be used together with Wg/We obtained from the rocket trajectory and ac-
celeration equations to ccmpute the ratio of gross weight to payload
(eqs. (10) and(n)).
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RtiTION BETWEEN TURBINE AND PUMP

Two turbine characteristicsare related to the pump, namely power
and rotative speed. The turbine power requirement can be obtained
through consideration of the pump pressure requirement.

The power required for the fuel pump is

and

The
two

that for the oxidizer pump is

J AH;

total power that the turbine
powers; that

Dividing through

or

is,

JAH’=wf

4;

= ‘o Pollp,o

must deliver is then the sum of these

by Wp = wf + W. gives

JAH’= ‘f 4; +
Wp W’f+ Wo ~f7p,f

4;
W.

po~P,o

‘o 4P;——
Wf + Wo PoTp,o

w.

-..—
.

.-

.

=. —

—

9

~

—

-

.-

(16)

u

AH’ 1 4?; ~ 4;
+—

F= Wo Jpf.7p,f Wo Jf’o’’lp,o
l+= l+=

Thusj from equation (16) the total turbine power requirement can be ob- “
tained in terms of unit pump flow. This requirement is one of the qyan-
titi.esneeded to determine the turbine characteristics.

The other characteristic linking the turbine to the pumps is the
rotative speed if no gearing is used. Variation in turbine rotative
speed can be considered in terms of variations in the turbine frontal

—

—

area pammeter AF/wP. Multiplying numerator”and dencmi~tor of the pa-

rameter by u2 yields
.-

. ——

(17)

.-z —.

—

—



I?ACARM E57K25a . l-l

Now,

Solving equation (17) for u) and substituting into equation (18) give

() AF -1/2

3UUt -p ~rpm= (19)

s
1- Equation (19) shows that for given turbine parameters (Ut and AF/wP)
+

an actual pump flow is required to obtain the turbine rotative speed.
If direct drive is used between the turbine and either or both of the
pumps, equation (19) must be used to determine AF/~ as a function of

Ut. H gearing is used, however, the value of ~/wp canbe selected

s primarily from turbine considerations.

8
9
y TUlW13W STAGE NUM8E21CONSIDERATIONS

&
As pointed out in the INIROIXKXL’ION,turbine stage number is being

considered an independent variable. The range of stage nuniberas well
“asthe associated efficiency is, however, dependent upon the particular
value of turbine flow y selected. The manner in which this range of
n as well as the associated required static- to total-pressure ratio
across the turbine can be obtained is now presented.

Reference 1 presents a method for obtaining the turbine efficiency
based on the static- to total-pressure ratio for given turbine stage
number, power, and speed requirements. Figure 5, a replot of figure 5
of reference 1, shows the variation in this efficiency with a work-speed
pwameter k, defined as the ratio of the turbine mean section rotor
blade speed squared to the required specific work output.

The parameter shown in the figure is the stage number

That is,

(20)

no If ~ is

known, th~ associated range of n ‘canbe obtained. The upper limit on
n (where limiting efficiency occurs) is obtained from the equation

(21)

~ich represents a stage ~ of unity (see ref. 1).
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Turbine Required Work-Speed Parameter

The determination of the work-speed parameter ~ involves first
the calculation of the turbine mean section blade speed Um and the
specific work output Ah’ . In obtaining the equation for T& it is as-

sumed that this speed is constant through the turbine and is equal to
that at the exit (station 2). This mean section blade speed is related
to the turbine-exit hub-tip radius ratio and tip speed by the equation

()??h
l+—

rt
Um =

2 2 %,2 (22)

As will be discussed in the section HUB-TIP RATIO AND TIP SPEED
SELECTION, the values of (r~rt)2 and Ut,2 must be compatible with

rotor disk and blade stress limitations.

The turbine specific enthalpy required is

or, if y is introduced,

AH!
Wp

AhI=—
Y

(23)

The parameter AE’/wp is obtained from equation (16), and y is one of

the two independent variables. Equations (22) and (23} can be substi-
tuted into equation (20) to give

[()]
2

‘hl+— Uf 2Y
rt )

2
2

AE’gJ ~
A

(24)

For the range of y selected, values of k can be obtained from
equation (24) for use in determining the range of n from figure 5.

.

—
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Turbine Required Pressure Ratio

Figure 5 is used not only to obtain the variation in n but also
to obtain the associated turbine static-to-total efficiency vs.” The
required turbine static- to total-pressure ratio can then be obtained
using the following definition of TIS:

where Ahi is

ideal specific
pressure ratio

pressure ratio

equations (23)

Ah’
Ils = &f

id,S

the actual enthalpy drop (eq. (23)) andAh~d s is the
J

enthalpy drop corresponding to the static- to total-
across the turbine.

by the equation

and
resultant equation

(25)

Since ~d,~ is related to this

P2 (Y-l~/T

-() ]
q (26)

(26) can be substituted into equation (25) with the
SOIW for p2/pi to ~~d

Y/(l--l)

( -)AH!
P2 Wp

1-~=
YCpT~&

(27)

It might be noted that, if, for a given application, a lower limit
on P2/Pi is specified (see example), equation (27) can be used to de-

termine the resultant variation in TS with y (and, hence, ~). In

this manner a lower limit on n can also be obtained when these limiting
calculation results are drawn on figure 5.

D~ION OF TURBINE FRONIIYLAREA PARAMETER

As pointed out in the section entitled Relation Between Turbine
Weight and Rocket Gross Weight, the turbine frontal area parameter AF/wp

must be known or obtained before the rocket weight calculations can pro-
ceed. If the turbine is given flexibility of speed, the determination
of this parsmeter is made through consideration of the required turbine
pressure ratio and continuity at the turbine exit (station 2). By
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assuming uniform flow conditions, this continuity equation can be Mitten
as

w~= (PQ#&@

or

Also,

WT = m

Aan,2 =

[()] “
2

AF1- Z
‘t 2

(28)

(29)

,-

.—

—.——
*
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(30)

.
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In addition,

All’ = cp(T~ - T;)

Solting for T~/T~ and introducing equation

T; ~
—=
T;

Substituting equations (29), (30),

15

(23) ~eld

., (31)

and (31) into equation (28) gives

‘T =
L 2

lf2

(-)

AH’

‘Pl-—
ycpT{

Dividing both sides by Wp and solving for #wp result in

(32)

One quantity in equation (32) re uiring further derivation in this sec-
7tion iS the temperature ratio (T T’)2. mom conservation of energy>
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2

()]

vu

T
(33)

cr 2

critical velocity ratioAs will be discussed, the axial component of

(V#cr)2 iS selected through limiting-loading considerations. The

is considered as follows:tangential component (Vu/Vcr)2

‘u,2 ‘Vu,l ‘m
AVU,Z Urn_Vcr,2

equation for

(34) -

By using equation (22) and the vCT} an equation for the

written aslast term in equation (34) ~Vcr,2 can be
.

—

._

[()]~ %,21+rt2

v=

‘2 2t-~J’2

or, by using equation (31),
.—

[()]rhl+— %,2rt
2

(35)
.

.

1-

and can be thus obtained.

The paraeter AVu)z/Um iS W

of the stage work-speed parameter.
done in reference 1 gives

definition equal to the reciprocal

Thus, using equal stage work as was
— —

.

(36)

, .—
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Finally, the parameter vu,2@7u,z is obtained from the blade velocity

diagam considerations. From reference 1 the following conditions are
assumed to prevail:

For O < ~ <0.5,

For 0.5 < ~m

ThUS, by USiY.lg

m be obtained by
&

< 1,

%,2
AVU,2 =

o

(37a)

(37b)

equations (34) to (37) the temperature ratio (T/Tt)2 can
equation (33).

G The selection of a value of (V#7cr)2 must be made with consider-

ation of the turbine limiting-loading characteristics. If a turbine is
operated at a specified speed, decreases in static- to t&-al-pressure
ratio result in increases in specific work output. This occurs until a
certain pressure ratio is reached where maximum work output is obtained.
Further decreases in pressure ratio then reduce the efficiency without
increasing the work output.

The pressure ratio where maximum work is first obtained is termed
the limiting-loadingpoint and is a result of choking in the plane of
the rotor trailing edge at the turbine exit. With no trailing-edge
blockage the point would occur at the same time as choking with the exit
annulus at station 2. However, as a result of this blockage in the ac-
tual case, this point is obtained at values of exit tial Mach nu.uiberon
the order of 0.7. Since the usual practice is to design the turbine with
some margin with respect to limiting-loading, axial Mach numbers less
than 0.7 are usually prescribed. These considerations must then be made
in selecting a value of (Vx/Vcr)2.

HUB-TIP RNTIO AND TIP SPEED SIZIZCTION

From equations (24), (32), and (35) it is evident that values of
hub-to-tip radius ratio and tip speed at station 2, (rh/rt)2 =d Ut,2,
must be selected before the aerodynamic aspects of the turbine design
study can be considerd. The selection of these two parameters must be
made with consideration to disk taper and rotor blade hub centrifugal
stress limitations. These considerations wf.lLnowbe made.
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Turbine Disk Limitations

The turbine disk limitations are considered herein through consider-
ation of the taper of the disk frcm the rim to the disk center. This
taper is illustrated in figure 6. ReferenCe 3 describes this problem in
detail and develops an equation relating the disk taper to the turbine
hub-tip radius ratio. This equation, which was obtained for constant
disk stress and no center hole, can be written in terms of the symbols
used in this report as

e = exp

. .

● ✎�

�

✎

�

J=
-1
u
+

(38}

Figure 6 presents equation (38) in graphical form. The disk taper
parsmeter e is shown on the left as a functiono: the hub-tip radius
ratio for nontapered blades and stress-densityparameters pd~/@sd of

1 and 2/3. The plot is for an aspect ratio_of 2. These c~ves can be
used to determine whether or not the selected hub-tip radius ratio at the
turbine exit lies within prescribed disk taper and,stress Wnitations. .-

—

Turbine Rotor Blade Stress Considerations
. .—

Reference 3 also presents the development of an equation relating
the turbine centrifugal stress at the rotor,blade hub to the blade tip
speed and hub-tip radius ratio. This equation (eq. (8) in ref. 2) can
be rewritten in terms of this report’s symbols for the last turbine
stage as

2
‘but
~

2g

()

2
‘h

l-—
‘t

—
.

(39)

where sb is the rotor hub centrifugal stress using a nontapered blade.
Tapering the blade would reduce the stress”somewhat.

.
.—

.-
.+-

—

—
-.-
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.
Eqyation (39) is also presented in graphical form in figure 6. The

tip speed paraeter (~/~)~ is show at the right as a function of the

hub-tip radius ratio rh/rt. Fram this curve it canbe determined if the

selected values of tip speed and hub-tup radius ratio at the turbine exit
are within the rotor blade stress limitations.

APPLICATION TO EXAMPLE ROCW

To illustrate the type of results obtained w’nenapplying the equa-

3 tions described in this report, an exsmple application will be described.

3
It will be assumed for this application that variations in the turbine
characteristics do not affect the weight of other components, thereby
permitting a constant value of structural psrameter, excluding the tur-

~ bine, to be used. Furthermore, the turbine willbe given the flexibility
of rotative speed and will use a tip speed and hub-tip radius ratio
determined from limiting rotor disk and blade characteristics. Under
these assumptions and conditions the rocket gross weight characteristic
will be presented over a range of y and AF/wp to indicate the area
of design that yields the lowest rocket gross weight.

The rocket wilJ_be assuued to have the following specifications:

(1) Rocket requirements and assumptions

(a) Vertical flight

(b) Two stages

(c) Final burnout velocity, 25,000 ft/sec

*

T

.

.

(d) Change in velocity per stage AVB,ST) 12,5CXlft/sec

(e) Thrust to gross weight, G = 1.4

(f) Zero aerodynamic drag

(2~t~~tural parsmeter without turbine weight, ~ = 0.06 (both

(3) Propellant considerations (both stages)

(a) Hydrogen fuel (pf = 4.42 lb/cu ft)

(b) Oxygen oxidant {PO = 71.2 lb/cu ft) ,
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(c) wo/wf = 3.2

(d) Specific impulse, I = 360 sec

(4) Pump

(a] 4; = 700 lb/sq in. = 100,800 lb/sq ft

(b) ~ = 0.60

(5) Turbine (using fuel rich mixture)

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(J)

(k)

Ut+ = 1400 f’t/sec

(rh/rt)2 = 0.80

From figure 6 these quantities are ccmrpatiblewith
—

Sb = 40,000psi

%=
526 lb/cu ft

e = 4

pdsb/@sd = 1

CP
= 2.12

r = 1.36

R = 437

T; = 1860° R

‘i
= 0.90AP~ = 90,720 lb/sq ft

(%/vcr)2= 0.40

Turbine weight constant, K= 70

(P2/P;)mintim=o.05

C=(I
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Determination of Turbine IYontal

Before calculation of the rocket weight

Area Parameter

characteristics can be
made, variation in the turbine frontal area parameter ‘F/wP over the

* range of selected flow y and stage number
m

n must be determined. The
*
+

procedure used to obtain this is outlined in table I together with typi-
cal calculation results obtained for the examLe case. columns 1 to 9
are the quantities either specified
tions and represent input constants
the study.

Column 10 represents the first
ered, y. Column 11 is the computed
ing figure 5 to obtain the range of

or computed by the indicated equa-
for the turbine aerodynamic phase of

independent variable being consid-
value of k required before enter-
stage number n. Column 12 is then

the other independent variable n, with the upper limit being l/k and
the lower limit occurrtng at the limiting turbine pressure ratio. Fig-
ure 5 is also used to obtain the turbine required static-to-total effi-
ciency qs shown in column 13. Columns 14 and M finally represent the
calculations necessary to obtain the turbine frontal area pareuueter
AF/wp (colm Lq). The calculations necesssry to obtain each column are
indicated at the bottom of table I where the quantities needed and equa-
tions used are specified.

The actual plot used to obtain n and ~~ is presented in figure

7. The circles shown in this figure represent the points at which the
calculations were made.

Determination of Rocket Weight

.

.

.

.

Once the turbine tiontal area parameter is Wown, the rocket weight
calculations caa comnence. Columns 16 to 21 of table I itemize the addi-
tional required rocket and turbine constants. Then columns 22 to 26 pre-
sent the necessary calculations to obtain the ratio of over-all rocket
@?OSS weight topaylcad (CO1- 26).

The results of the calculations made for the example case are pre-
sented in figure 8. This fQure shows a composite of the rocket and tur-
bine primary parameters over the range of turbine flow y considered.
The turbine parameters include the frontal area parsmeter AF/vP) pre-

sented as th-orMnate, with the stage number n shown as solid lines
and the static- to total-pressure ratio shown as dot-dashed lines. The
upper crosshatched area represents the specified lower Limit on this
pressure ratio. The lower crosshatched area represents the limitation
imposedby the attainable efficiency (fig. 7). Any point within this
bounded area represents a turbine design that will meet the pump power
requirements.

i
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Also shown in this figure are contours of computed over-all rocket
gross weight to payload (Wg/P)Over-all. Contours of 70, 68, and 67 as

well as a line indicating the minimum value of 66.5 are included. In-
spection of this figure shows that, for this example case, the turbine
flow has the predomi~te effect on the change in (Wg/P)over-all with

the effect of AF/~ being of secondary importance. This occurs be-
cause, for a given y, as AF/Wp is varied the stage number n also
varies in such a manner as to yield relatively small changes in turbine
weight. It can also be seen that when consideration is given to the
rocket weight characteristicsa fairly well defined turbine design
range emerges. One such turbine design could have the following
characteristics:

Y = 0.01

AF/wp = 17X1O-4

n . 4 stages

P2/Pi = 0.05

ahd from figure 7

78 = 0.65

CONCLUDING REMARK8

This report has described a method of screening turbine designs for
a rocket-pump drive ap@ication. In the example case minimum rocket
gross weight was used as a criterion, with au rocket components except
the turbine assmed to be fixed or constant and therefore not affected
by turbine operational characteristics. Rocket gross weight was used in
this manner to illustrate the ccmbined effects of turbine weight and tur-
bine propellant consumption on over-all rocket performance. In order.to
optimize an entire rocket design for a given application, the weights of
the other major components such as propellant tanks, propellant pumpsl
and turbopump gearing (if any) must be considered, as well as their inter-
dependent variation with one another. These additional factors must then
be considered in an actual application to achieve an optimum compatible
combination, which involves a study beyond the scope of this report.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics

Cleveland, Ohio, January 30, 1958
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1 2 3 4 5

ml
%? ‘f R Ti ,

WP
%

13.93 2.12 1.36 457 1860

TASLS 1. - EXMmw C4.W07ATIOK9

:, &)2 (;)2 %:2 ‘; ‘: : :

90,720 0.40 0.80 140a 0.01 0.0465 3.9 0.646

4 .653

6 .738

a .785
12 .823
16 .855
22.0 .870

DmII
Eq. (16) Given Give Given Given Given Oiven

I .16 17
1

u
12,500 1.4

18

1
19 20

I 6

360 0

Where obtained

T
0.050 1. 7OX1O-5
.053 1.62
.085 1.03
.105 .65
.120 .74
.134 .67
.140 .65

llven Given RsnsL? Columo 1 column 11 column 11 column 1 columns 1
aeleoted column 8 Fig. 5 column 12 Columl 2 to 12

Cohalnll9 Range Fig. 5 Collluul9 column 14

column 10 obtained column 5 Eqs. (32)
Eq. (24) Colwr!n 10 to (37)

Colmm 13
Eq. (2’7)

1
21 22 23 24 25 26

K

(+)
w 53,S!C ‘T

s

(+)
w

e ST over-all

70 5.31 206.7 0.00113 0.08113 66.78
.OQ1O9 .08109 86.74
.o@366 .0.9086 66,53
.00081 .08081 66.49
.000e7 .08087 66.54
.00090 .08090 66.57
.00101 .08101 66.66

Colmm 10
Colum 16
Colun!n 17
column 19
Coluu!n 20
Eq. (6a)
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Figure1. - Schematicdiagramof typicalturbopumpsystem.
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Figure 2.
weight,

- Schematic diagram of rocket showing relation between thrust,
and attitude.
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Figure 4. - Effect of structuralparameter and ratio of gross weight to
empty weight on ratio of gross weight to payloa&.

.

ii

—

—

—
.

.—



1.0

——. ——

.8

.6

8

/
6

.4 /

/

4

/ r

3

.2
/

2

.1,

.01

——— .—

/ ~ -

7
/ ‘

/ ‘

/

/

/ ‘

Eimber
. of Bt.9&W ,

n

1

.02 .04 .08 .1 .2

Over-all wrbapeed parmmeter,X

l+
.4 .6

Y@re 5. - Kultifi+ +mrMne efficiency characteristics (ref. 1).



30

—
.—

NACA RM E~K25a..... . -

al

I
--&k ~
T

Blade

L
— -Rim

6.6—
S%res6-density
parameter,
P& ~
——
~ ‘d

1 2/3

5.8“ /

La4 -+

5.0— 1 I–
e = a~

d= djc= 2

4.2 .2

*

3.4 /’ / .4

2.6 .6

1.8- B

1.(X
.60 .68 .76. ‘.84

Y
.92 1.{)

Hub-tip radius ratio, rh/rt”’
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